Introduction
Induction of growth arrest by serum starvation, medium depletion, contact inhibition or 24 h treatment with hydroxyurea and genotoxic stress by ionizing or ultraviolet radiation or methyl methanesulfonate (MMS) treatment result in coordinate induction of a group of growth arrest and DNA damage (GADD) inducible genes, namely GADD34, GADD45a, b and g and GADD153, that encode a family of highly acidic proteins (Fornace et al., 1989; Zhan et al., 1994; Takekawa & Saito, 1998) . GADD34, first identified in hamsters (Fornace et al., 1989) , has been identified in human (Hollander et al., 1997) , mouse (as Myd116) (Lord et al., 1990) and rat (Hollander et al., 2003) and exhibits high homology and similar domain structure across species. Induction of GADD34 has been shown to be associated with induction of apoptosis by diverse mechanisms and overexpression of GADD34 alone can markedly inhibit cell growth as a consequence of apoptosis (Hollander et al., 1997 (Hollander et al., , 2001 (Hollander et al., , 2003 Adler et al., 1999; Grishin et al., 2001) . The aminoterminal third of the GADD34 protein is involved in augmentation of apoptosis following ionizing radiation (Adler et al., 1999) . In human, mouse, hamster and rat, GADD34 protein contains 674, 657, 590 and 577 amino acids, respectively (Fornace et al., 1989; Lord et al., 1990; Zhan et al., 1994; Hollander et al., 1997 Hollander et al., , 2003 .
Approximately 90 amino acids at the carboxyterminal end of GADD34 protein are highly conserved across species, with B90% amino-acid homology, that interacts with protein phosphatase 1a (PP1a) to dephosphorylate eukaryotic initiation factor 2 (eIF2a), therefore, precluding the shutoff of protein synthesis (Connor et al., 2001; Brush et al., 2003) . The recovery from a shutoff of protein synthesis is delayed in GADD34À/À mouse embryonic fibroblasts (MEF) versus wild-type MEFs when exposed to endoplasmic reticulum stress . Thus, GADD34-mediated dephosphorylation of eIF-2a functions as a negative feedback loop that inhibits stress-induced gene expression and that might promote recovery from translational inhibition in the unfolded protein response due to ER stress (Novoa et al., 2001 ; Kojima et al., 2003) .
The molecular mechanism of apoptosis-induction by GADD34 still remains to be elucidated. One possible mechanism by which GADD34 mediates its action is by interaction with other proteins. Indeed, it has been shown, mostly by yeast two-hybrid assays, that GADD34 interacts with a plethora of cellular proteins (Adler et al., 1999; Hasegawa & Isobe, 1999; Hasegawa et al., 2000a, b; Grishin et al., 2001) . Amino-acid residues 483-555 of the GADD34 protein interact with HRX, a nuclear protein with unknown biological function, and also with HRX-fusion proteins generated by reciprocal translocation between HRX and several other partners in acute leukemia (Adler et al., 1999) . Interestingly, while GADD34 overexpression augments radiation-induced apoptosis, HRX-fusion proteins, but not wild-type HRX proteins, inhibit GADD34-mediated apoptosis suggesting a possible mechanism of leukemogenesis through inhibition of DNA-damageinduced apoptosis by HRX-fusion proteins (Adler et al., 1999) . Src kinase Lyn is activated by genotoxic stress, interacts with GADD34 and phosphorylates it, and this phosphorylation negatively regulates promotion of apoptosis by GADD34 following MMS treatment or ionizing radiation that might facilitate recovery following sublethal DNA damage (Grishin et al., 2001) . A recent report has shown that GADD34 induces p53 phosphorylation and upregulation of p21 CIP-1/WAF-1/mda-6 , and these two factors might be important for mediating GADD34-induced growth inhibition .
Progression elevated gene-3 (PEG-3) was cloned from a tumor progression model based on rat embryo (RE) cells (Fisher et al., 1978; Babiss et al., 1985; Su et al., 1997) . E11 is a mutant adenovirus type 5 (H5ts125)-transformed rat embryo cell clone that forms small, slow-growing and compact tumors. E11-NMT is a clone of E11 that has been passed through a nude mouse and forms rapidly growing, highly aggressive tumors (Babiss et al., 1985) . Subtraction hybridization of an E11 cDNA library from an E11-NMT cDNA library identified PEG-3 (Su et al., 1997) . Elevated PEG-3 expression has been documented in E11-NMT cells in comparison with E11 cells and also in normal cloned rat embryo fibroblasts (CREF) displaying a tumorigenic phenotype, as a consequence of expression of diverse acting oncogenes, including Ha-ras, v-src, human papilloma virus type-18-transforming genes and a specific mutant of Ad5 (H5hr1), relative to parental CREF (Su et al., 1997) . Ectopic expression of PEG-3 in E11 cells markedly augments in vitro anchorage independent growth and increases their oncogenic potential in nude mice as reflected by a shorter tumor latency time and the production of larger tumors with increased vascularization (Su et al., 1997 (Su et al., , 1999 . As a corollary, E11-NMT cells stably expressing antisense PEG-3 lose their progressed cancer phenotype (Su et al., 1999) . Cancer aggressiveness of PEG-3 expressing E11 cells correlates directly with increased expression of vascular endothelial growth factor (VEGF) and overexpression of PEG-3 transcriptionally activates VEGF in these cells (Su et al., 1999) . Overexpression of PEG-3 induces genomic instability, modulates the expression of important genes involved in centrosomal duplication and augments the invasive capability by increasing matrix metalloproteinase activity Emdad et al., 2005) . These data indicate that PEG-3 facilitates tumor progression by multiple pathways.
At the time of cloning, PEG-3, a 457 amino-acid protein, showed high homology to hamster GADD34 except that it lacked the unique carboxy-terminal domain of GADD34 that is conserved in all species (Su et al., 1997) . Recent cloning of rat GADD34 revealed that PEG-3 is identical to rat GADD34 in the first 415 amino acids (Su et al., 1997; Hollander et al., 2003) . A single base deletion resulted in a frame-shift and premature appearance of a stop codon resulting in C-terminal truncation and sequence divergence of PEG-3 from rat GADD34 (Su et al., 1997) . Southern blot analysis showed that there is a single locus for GADD34 in the normal rat genome suggesting that PEG-3, a mutated form of GADD34, might be generated during the process of transformation and tumor progression (Hollander et al., 2003) . In the present study, we addressed this issue by analysing the sequence of GADD34 in a battery of transformed rat cell lines. We also analysed the role of PEG-3, a prosurvival factor, in modulating the functions of GADD34, a predominantly proapoptotic molecule.
Results

Mutation in the GADD34 gene is a frequent event during transformation of rat cells
The rGADD34 cDNA has an open reading frame (ORF) of 1731-bp (Hollander et al., 2003) . PEG-3 is generated by deletion of a guanine base at position 1246 in the ORF of rGADD34 (considering the translation start site of rGADD34 as position 1) resulting in a frame-shift and premature appearance of a stop-codon that truncates the ORF to 1371-bp (Su et al., 1997) . Since PEG-3 promotes multiple changes that aide tumor progression (Su et al., 1999 Emdad et al., 2005) and it was cloned from E11, a mutant Ad5 (H5ts125)-transformed rat embryo cell clone that form slow, compact tumors, we hypothesized that during the process of transformation and/or immortalization of rat cells rGADD34 might be mutated to generate PEG-3 and this mutation might be important to induce transformation and/or immortalization. To address this issue we sequenced the rGADD34 cDNA in a number of rat tumor cell lines and immortalized rat embryo fibroblast cells (Figure 1 ). We focused our attention on the region that showed the 1-bp deletion in PEG-3. Total RNA was purified and RT-PCR was performed using primers that amplify 813-1275-bp of the rGADD34 ORF. The PCR fragments were cloned and sequenced. We cloned the rGADD34 cDNA from primary rat hepatocytes and this sequence was identical to that of the published rGADD34 sequence. Of direct relevance to our hypothesis that PEG-3 is a mutated form of rGADD34, we identified the same deletion in rGADD34, as was observed in PEG-3 cloned from E11 cells, in two additional rat tumor cell lines, namely RT2, a malignant glioma cell line and 4E11, a hepatocarcinoma cell line. In the C6 rat glioma cell line, insertion of a cytosine at position 1079 led to a frame-shift and premature stop-codon resulting in a protein containing 377-aa, which is identical to rGADD34 in the first 359-aa. In 9L malignant glioma and UMR106 osteosarcoma cell lines no mutation was detected in this region of the rGADD34 gene. We also checked the rGADD34 sequence in CREF (a clonal population of immortal normal Fischer rat embryo fibroblasts) and its transformed derivatives, such as CREF-ras, CREF-src and CREF-A2. In these cell lines there was a one base insertion at position 826 that resulted in frame-shift and premature appearance of a stop-codon truncating the ORF of rGADD34 to 897-bp. This generates a protein of 299-aa that is identical to rGADD34 in the first 275-aa. These findings clearly document that during transformation and/or immortalization of rat cells the rGADD34 gene is frequently mutated generating C-terminally truncated proteins.
PEG-3 functions as a dominant negative of GADD34-mediated growth inhibition
Experiments were performed to understand and determine the significance of the generation of PEG-3 in the contexts of GADD34 function. For this purpose, two constructs were generated, pHuGADD34(1-484) and pPEG-3(1-347)HuGADD34(422-674), the former lacks the C-terminal region of HuGADD34, thus resembling PEG-3, the latter has the C-terminal region of HuGADD34 fused to the N-terminal of PEG-3, thus resembling GADD34, to determine if such a construct can restore GADD34 function. To check for the authenticity of these constructs we performed in vitro translation. All the constructs generated proteins, the sizes of which corresponded to that predicted from the deduced amino acid residues ( Figure 2 ) indicating the authenticity of the constructs. pHuGADD34, pRGADD34, pPEG-3, pPEG-3(1-347)HuGADD34 (422-674) and pHuGADD34(1-484) generated proteins of 73.5-, 63-, 50-, 66-and 53-kDa, respectively. pHuGADD34, pRGADD34, pPEG-3, pHuGADD34 (1-484) and pPEG-3(1-347)HuGADD34(422-674) were transfected into E11, HeLa, RKO and T47D cell lines either alone or in combination and the clonogenic survival of the cells was assessed (Figure 3a-d) . Transfection of pcDNA3.1/Hygro( þ ), pPEG-3 or pHuGADD34(1-484) alone had little or no significant inhibitory effect on cell growth in any of the cell types tested ( (1-484), which resembles PEG-3, are potent inhibitors of the growth suppressive properties of both human and rat GADD34. Additionally, fusing PEG-3 with the C-terminal region of GADD34, so that it resembles GADD34, results in significant restoration of its growth inhibitory property.
To determine the specificity of the dominant negative action of PEG-3 towards GADD34, we transfected pGADD45 or pGADD153 in HeLa cells in the absence or presence of pPEG-3 and analysed the colony formation ability. Both pGADD45 and pGADD153 showed potent growth suppression properties ( Figure 5 ). However, pPEG-3 failed to rescue the cells from this growth inhibition confirming the specificity of PEG-3 to GADD34-induced growth inhibitory function. Although it is well established that GADD34 induces growth arrest predominantly by apoptosis, the molecular mechanism of its apoptosis-inducing effect remains to be elucidated. A recent report indicated that GADD34 induces p53 phosphorylation in serine 15 . Phosphorylated p53 is a potent mediator of apoptosis (Fiscella et al., 1993) . We transfected pC53-C1N3, which expresses wild-type p53, into the human osteosarcoma cell line SaOS2, which is null for p53. As a positive control we confirmed that the DNA damaging agent MMS induces phosphorylation of p53 ( Figure 6 ). Transfection of pHuGADD34 or pRGADD34 resulted in increased phosphorylated p53 while cotransfection of pPEG-3 reversed GADD34-induced p53 phosphorylation. Transfection of pPEG-3 alone did not induce p53 phosphorylation. These findings indicate that the dominant negative effect of PEG-3 over the growth inhibitory properties of GADD34 might be mediated by the inhibitory effect of PEG-3 towards GADD34-induced p53 phosphorylation.
p38 MAPK has been shown to be involved in phosphorylation of p53 in serine 15 (Bulavin et al., 1999; She et al., 2000 She et al., , 2001 . We, therefore, checked the activation of p38 MAPK by GADD34. As shown in Figure 7 , infection of HeLa cells with Ad.HuGADD34 or Ad.PEG-3(1-347)HuGADD34(422-674) significantly increased phospho-p38 MAPK in comparison to infection with Ad. vec (lanes 1, 4 and 7) . Infection of Ad.PEG-3 or Ad.HuGADD34(1-484) completely inhibited Ad.HuGADD34-induced p38 MAPK phosphorylation (lanes 5 and 6) although these two adenoviruses alone did not affect the basal level of phospho-p38 MAPK (lanes 2 and 3). The total p38 MAPK level was unchanged under any experimental condition. These findings indicate that GADD34 activates the p38 MAPK pathway, which is inhibited by PEG-3 and this pathway might be involved in GADD34-induced p53 phosphorylation.
PEG-3 does not inhibit GADD34-induced eIF2a dephosphorylation
During ER stress eIF2a is phosphorylated and GADD34 is induced (23, 25) . The function of GADD34 is to dephosphorylate eIF2a thus facilitating early recovery from a prolonged state of translational inhibition (Novoa et al., 2001; Kojima et al., 2003) . We checked if PEG-3 functions as a dominant negative for the eIF2a dephosphorylation function of GADD34 during ER stress. HeLa cells were infected with Ad.PEG-3 and 48 h later the cells were treated for 30 min with 10 mM DTT, which induces ER stress by disrupting disulfide bond formation, after which the medium was replaced. The cells were harvested at intervals and the expression level of phosphorylated eIF2a and total eIF2a was analysed. As shown in Figure 8 , treatment with DTT resulted in a significant level of phosphorylation of eIF2a in both Ad.vec-and Ad.PEG-3-infected cells until 2 h post-DTT-treatment and by 4 h the level of phosphorylated eIF2a returned to basal level in both samples indicating that PEG-3 could not prevent the dephosphorylation of eIF2a by GADD34. The levels of total eIF2a and the housekeeping protein EF1a remained unchanged in all the samples.
Discussion
Carcinogenesis is a complex process, which is multifactorial in terms of its etiology and multistep in its evolution. One important mechanism of tumor formation is the deregulation of cell growth regulatory genes, most importantly inactivation of negative regulators of cell growth (Sherr, 2004) . The classical example is the inactivation of p53 or Retinoblastoma (Rb) proteins that lead to the generation of diverse types of tumors (Sherr and McCormick, 2002) . As a DNA damageinducible gene (Fornace et al., 1989) , the primary function of GADD34 might be to induce apoptotic cell death in DNA-damaged cells so that these cells do not by-pass cellular growth regulatory controls and acquire independent proliferative abilities. In these contexts, inactivation of GADD34 might serve as an essential component in the intricate process of transformation, tumor initiation and progression. To date, no direct evidence has been identified linking GADD34 inactivation to tumorigenesis. The observation that HRX-fusion proteins are generated during acute leukemia and these fusion proteins, but not wild-type HRX proteins, can inhibit GADD34-mediated apoptosis suggests that functional inactivation of GADD34 by HRX-fusion proteins might be a potential mechanism of leukemia pathogenesis (Adler et al., 1999) . In this report we show for the first time that mutation, such as insertions or deletions, in the GADD34 gene occurs as a frequent event during transformation/immortalization and/or progression in rodent cells. We document that in diverse types of rat tumors C-terminal truncations of GADD34 protein are generated that are either identical to PEG-3 or are structurally similar to it. These mutations are early events during the process of transformation because mutation in rGADD34 was detected in parental CREF cells, which are immortal but not tumorigenic (Fisher et al., 1982) .
By clonogenic survival and anchorage independent growth assays PEG-3 was documented to be a dominant-negative inhibitor of GADD34. Additionally, we have previously documented by extensive analysis that PEG-3 expression alone in transformed and tumorderived cells can enhance the process of tumor progression by modulating genomic stability, invasion and angiogenesis (Su et al., 1999 Emdad et al., 2005) . These findings support the hypothesis that either the inhibition of wild-type GADD34 by PEG-3 or PEG-3-like molecules (when one allele of the GADD34 gene is mutationally inactivated) or facilitation of cell growth by PEG-3 itself (either in mono-or bi-allelic inactivation) might be a crucial event in rodent tumorigenesis. This raises the interesting question of whether this type of genetic change also occurs in humans. Our preliminary studies aimed at sequencing the human GADD34 gene in a number of human cancer cells revealed no PEG-3-like mutations (unpublished data) indicating that unlike rodents, mutational inactivation of the GADD34 gene might not be a frequent event during human carcinogenesis. However, functional inactivation of GADD34 by protein-protein interactions or inactivation of expression by mutation in the promoter region could provide alternate mechanisms for a role of GADD34 in human tumor formation. Using colony formation assays in RKO cells, a recent report suggested that co-transfection of a C-terminal truncated HuGADD34 did not rescue HuGADD34-mediated growth inhibition (Hollander et al., 2003) . However, in our expanded and more detailed assays in both rodent and multiple human cell lines, including RKO, both PEG-3 and C-terminal truncations of HuGADD34 provided protection against both Hu-GADD34 and rGADD34-mediated growth inhibition. The reason for this discrepancy is not apparent but might be explained by technical issues such as quality of the constructs generated and transfection methodology affecting transfection efficiency.
GADD34 is a multifunctional protein. It induces apoptosis, while also functioning as a component of the negative feedback loop that facilitates the ability of a cell to overcome prolonged translational inhibition as a consequence of unfolded protein response (UPR) (Novoa et al., 2001; Kojima et al., 2003) . The C-terminal region of GADD34, that interacts with PP1a and thus allows dephosphorylation of eIF2a, is important for this function. We tested whether PEG-3 can also function as a dominant-negative inhibitor of the dephosphorylation function of GADD34. Interestingly, overexpression of PEG-3 did not prolong the phosphorylated eIF2a (Figure 8 ) indicating that PEG-3 specifically interferes with the growth-suppressing function of GADD34, rather than being a global inhibitor of all GADD34-induced functions. The Nterminal region of GADD34 has been implicated as a relevant molecule involved in its apoptosis-inducing properties (Adler et al., 1999) . It is possible that PEG-3 might bind and squelch a yet-to-be identified protein that interacts with the N-terminal region of GADD34, which is crucial in mediating GADD34-induced apoptosis. Identification of such a protein would be crucial for comprehending exactly how GADD34 functions as an apoptosis-inducing gene.
Phosphorylation of p53 at Ser15 is important for p53-dependent growth suppression (Fiscella et al., 1993) . Previous studies confirm that GADD34 phosphorylates p53 at Ser15 . We explored the possibility of whether PEG-3 might exert its dominantnegative properties by hindering GADD34-induced p53 phosphorylation. In a human p53-null human osteosarcoma cell line both human and rat GADD34 could phosphorylate overexpressed wild-type p53 although the phosphorylation activity of the rat molecule was lower than that of the human GADD34. This observation corresponds with the finding that although in E11 cells both rat and human GADD34 equally inhibit cell growth, in human cells HuGADD34 exerts higher growth suppressing properties than rGADD34 suggesting that rGADD34 might provide some level of speciesspecificity of function. PEG-3 inhibited both rat and human GADD34-induced p53 phosphorylation. We have previously shown that overexpression of PEG-3 downregulates the p53 downstream gene p21 CIP-1/WAF-1/mda-6 (Emdad et al., 2005) , which correlates with the finding that GADD34 activates the p21 CIP-1/WAF-1/mda-6 promoter . It is intriguing that while GADD34 is involved in the dephosphorylation of eIF2a, it is also involved in phosphorylation of p53 most probably via activation of p38 MAPK. While activation of p38 MAPK results in induction of GADD34 (Sarkar et al., 2002) , our present study indicates that GADD34 itself can activate p38 MAPK suggesting a positive feedback loop between p38 MAPK activation and GADD34 induction. We are trying to unravel the relationship between GADD34, p38 MAPK and p53, to determine whether GADD34 interacts with p38 MAPK or with any other protein kinase or with any molecule that activates p38 MAPK and to analyse the involvement of PEG-3 in interfering with these interactions.
In this report we uncover a unique phenomenon involving GADD34 mutations in rodent tumorigenesis. These findings pave the way for further analysis of the involvement of the GADD34 gene in tumor formation in other species, especially human. Although several important molecules have been identified to interact with GADD34, it is evident that there might be additional binding partners that play crucial roles in mediating GADD34 function. Search for these molecules would help elucidate the molecular pathways of carcinogenesis and once discovered these targets could provide a route to develop novel, innovative ways to counteract cancer progression.
Materials and methods
Cell lines and culture conditions
CREF is a specific clone of Fischer F2408 rat embryo fibroblast cells (Fisher et al., 1982) . CREF-ras, CREF-src and CREF-A2 are stable clones of CREF, modified by transfection to express dominant acting oncogenes, Ha-ras, v-src, or a specific mutant of Ad5 (H5hr1), respectively (Su et al., 1993 (Su et al., , 1994 (Su et al., , 1997 . E11 is a single cell clone of mutant Ad5 (H5ts125)-transformed Sprague-Dawley secondary rat embryo cells (Fisher et al., 1978) . RT2, C6 and 9L are rat gliomas, 4E11 is a rat hepatocarcinoma and UMR106 is a rat osteosarcoma cell line. HeLa is a human cervical carcinoma, RKO is a human colorectal carcinoma, T47D is a human breast carcinoma and SaOS2 is a human osteosarcoma cell line. All cultures were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% FBS (DMEM-5) at 371C in a humidified 5% CO 2 /95% air incubator.
Construction of plasmids and transfection
All expression plasmids were constructed in pcDNA3.1/ Hygro( þ ) (Invitrogen, Carlsbad, CA, USA). The plasmids pHuGADD34, pRGADD34, pPEG-3, pGADD45 and pGADD153 contain the complete ORFs of human GADD34, rat GADD34, PEG-3, human GADD45 and human GADD153 genes, respectively. pHuGADD34(1-484), which expresses amino acid 1-484 of human GADD34, was created by PCR using pHuGADD34 as template and primers sense: 5 0 ATG GCC CCA GGC CAA GCA 3 0 and antisense: 5 0 AGG TCA ATA TCC CCA GCC 3 0 . pPEG-3(1-347) HuGADD34(422-674), that expresses amino acids 1-347 of PEG-3 fused with amino acids 422-674 of human GADD34, was created by artificially creating an MluI site in huGADD34 by PCR using primers sense: 5 0 GAC GCG TTG ACT TCT GCT 3 0 and antisense: 5 0 TCA GCC ACG CCT CCC ACT 3 0 . The MluI-digested PCR fragment was ligated with MluI-digested pPEG-3 to make the PEG-3/human GADD34 fusion construct. pC53-C1N3 expresses wild-type p53 and contains exons 2-11 and introns 2-4 of p53 gene in the vector pCMV-NEO-BAM (Hinds et al., 1990) . In total, 10 6 cells per dish were plated in 100-mm dishes and transfection was carried out the next day using Lipofectamine 2000 (Invitrogen) transfection reagent and 20 mg of plasmid DNA according to the manufacturer's instructions.
Construction of adenoviruses and infection protocol
The recombinant replication-incompetent adenovirus (Ad) expressing PEG-3 (Ad.PEG-3). was produced as previously described (Su et al., 1999) . Ads expressing HuGADD34 (Ad.HuGADD34), HuGADD34(1-484) [Ad.HuGADD34 (1-484)] and PEG-3(1-347)HuGADD34(422-674) [Ad.PEG-3 (1-347)HuGADD34(422-674)] were created in two steps as described previously and plaque purified by standard procedures (Su et al., 1999; Valerie, 1999) . As a control, empty replication incompetent adenovirus (Ad.vec) was used. Cells were infected with a multiplicity of infection (m.o.i.) of 50 plaque forming units (pfu)/cell of different Ads as described (Valerie, 1999) .
Clonogenic survival assay
At 2 days after transfection, cells were trypsinized, counted and 10 5 cells per dish were replated in 60-mm dishes and selected in the presence of hygromycin. After two weeks, colonies were fixed with 4% formaldehyde and stained with a 5% (w/w) solution of Giemsa stain in water. Colonies >50 cells were counted.
Anchorage independent growth assay
At 6 h after adenoviral infection, cells were trypsinized, counted and 10 5 cells per dish were allowed to grow in 0.8%. soft agar in 60-mm dishes. After 2 weeks, colonies >50 cells were counted and scored.
In vitro translation
In vitro translation was performed using pHuGADD34, pRGADD34, pPEG-3, pHuGADD34(1-486) and pPEG-3 (1-347)HuGADD34(422-674) as templates and TNT coupled reticulocyte lysate systems (Promega, Madison, WI, USA) according to the manufacturer's protocol. The in vitro translation products were electrophoresed by SDS-PAGE and visualized by autoradiography.
RNA extraction, RT-PCR and sequencing
Total RNA was extracted as described previously (Su et al., 1998) and cDNA was synthesized using superscript II reverse transcriptase (Invitrogen). PCR was performed using the RT product as template and primers, sense: 5 0 TGA GAC TTC TGT CTG TTC 3 0 and antisense: 5 0 TGG CTT CTG TCC AGG TAA 3 0 to amplify 813-1275 bp of rat GADD34 coding sequence. The PCR product was cloned by T-A cloning into pCR2.1 vector (Invitrogen) and sequenced using M13 forward and reverse primers.
Western blotting
The levels of phosphorylated p53, PEG-3, total and phosphorylated p38 MAPK and actin proteins were determined by Western blot analysis as described (Su et al., 1998) . Cells were harvested in RIPA buffer (0.5 M NaCl/0.5% Nonidet P-40/ 20 mM Tris, pH 8.0/1 mM phenylmethylsulfonyl fluoride). The protein levels were then determined by Western blotting by enhanced chemiluminescence (Amersham) with an antiphospho-p53 (Ser 15) antibody (Cell signaling technology), anti-PEG-3 peptide-derived rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p38 MAPK and anti-phospho-p38 MAPK (Cell signaling technology), and an anti-actin mAb (Santa Cruz).
Endoplasmic reticulum (ER) stress and analysis of eIF2a phosphorylation
HeLa cells were infected with either Ad.vec. or Ad.PEG-3. After 48 h, the cells were treated with 10 mM dithiothreitol (DTT; Sigma) for 30 min. The medium was replaced and the cells were harvested in RIPA buffer containing 1 mM Na 3 VO 4 and 50 mM NaF at intervals. Expressions of phosphorylated eIF2a, total eIF2a and EF1a were analysed by Western blot analysis. The primary antibodies used were anti-eIF2a [pS 52 ] (rabbit; Biosource International; Camarillo, CA, USA; 1 : 1000); anti-eIF2a (mouse; Biosource; 1 : 1000) and EF1a (mouse; Upstate Biotechnology, Waltham, MA, USA).
Statistical analysis
All the experiments were performed at least three times. The results are expressed as mean7s.d. Statistical comparisons were made using an unpaired two-tailed Student's t-test. A Po0.05 was considered as significant.
